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FOREWORD

This technical report covers work performed by SIGNATRON, Inc.
Lexington, Massachusetts, under Contract F33615-~74-C-4065, Project
1227, Task 12, over the period 1 February 1974 to 30 June 1975.
The draft of this report was submitted 29 July 1975. The Project
Engineer at SIGNATRON was Dx. Leonard Ehrman, who was also
responsible for the sections on Doppler simulaticn, system
validation, and propagation effects. Mr. John N. Fierce per-
formed the analyses of the hard and soft limiters, assisted
by Dr. Steen Parl. Dr. Parl also performed the NAVSTAR GPS
analysis. Dr. Steven H. Richman performed the repeater jamming
analysis. Computer programming for the soft limiter analysis

was performed by Mrs. Linda Vears.

The authors wish to acknowledge the valuable assistance
of the AFAL/AAI Project Engineer, Capt. James Nash, whose sug-

gestions were of great benefit to the study.
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SECTION 1

INTRODUCTION

This document constitutes the final report prepared by
3 SIGNATRON, Inc., Lexington, Massachusetts, for the Air Force
Avionics Laboratory, Wright-Patterson Air Force Basg, Ohio,
i under Contract F33615-74-C-4065, entitled Optimum Simulation

: Techniques for Communication System Design.

; 1.1 Objectives of the Program

The Air Force Avionics Laboratory has developed the Com-

munication Systems Evaluation Laboratory (CSEL) to investigate
and analyze, through simulation, a variety of communication

problems. The laboratory utilizes three solutions to the prob-

lens:

(1) building and testing special purpose hardware;

(2) developing computer software programs to simulate
the problems on a digital, analog, or hybrid com-
puter; or

(3) developing some combination of the two methods.

In addition to the above, over-the-air tests can be performed

using CSEL's rooftop facility.

The objective of the present program was to perform a study
of simulation techniques £for anti-jam communications systems
design and evaluation, and pr vide recommendations which utilize
the capabilities of CSEL in testing these systems. The emphasis
in the study was placed on two satellite systems: The Lincoln

Experimental Satellites 8 and 9 (LES 8/9) and the NAVSTAR Global
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Positioning System (GPS). The LES 8/9 effort included studies

of hard and soft limiting, repeater jamming, simulation hardware/
software validation experiments, and Doppler simulation. The

GPS effort was limited to a study of the reguirements foxr GPS
simulation, and the interfacing of the GPS simulator with the
propcsed AFAL Generalized Development Model (GDM) system. In
addition to the studies oriented towards the LES 8/9 and GPS systems,
specifically, studies were also performed in the fields of satel-
lite signal properties and the simulation of desired scintillation

statistics.

1.2 Brief Summary of Results

Analytic results have been obtained for the suppression of
a freguency-hopped signal with CW jamming in a hard limiter.
The soft limiter which was examined was modeled as a linear
amplifier for input levels less than a specific threshold value,
and clipper for input levels above the threshold. Calculations
were made of signal suppression; for J/S < 0 dB, the hard limiter

has less suppression, while for J/S > 0 dB, the soft limiter has less.

The repeater jammer was studied for a frequency-hopped system
which utilized error correciiag coded transmission and hard limit-
ing at the receiver. The signal detection statistic took into
account the effects of matched filtering, limiting, and random
frequency and phase errors, as well as partial chip jamming.

The analyses demonstrated that for this class of signal, repeater
jar.aing is in general more efficient than either random noise or

multitone jamming.

When CSEL is first to be used in LES 8/9 simulations, it is
important to have a systematic procedure for validating the sima-
lation. Three experiments are considered, the first being

a validation of the programmed signal prccessor

2
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(PSP model of the satellite, the second being the downlink simu-~
lation, and the thixd being jaiming on the forward uplink. Ex-

perimental procedures and predicted results are given.

The final LES 8/9 study is concerned with Doppler simulation.

The simulation of Doppler shift on a wideband signal is compli-

cated by the linear increase in Doppler shift across the signal
band, resulting in a differential Doppler shift across the band.
This can be ignored in a narrow-band signal, but must be included
in the simulation of wideband signals. A hybrid method of simu-
lating both the Doppler and the differential Doppler for the

LES 8/9 system is described.

The NAVSTAR Global Positioning System (GPS) will enable
both civilian and military users to accurately locate their po-
gition in three~dimensional space. Many classes of users are
envisioned for GPS. Depending on their accuracy requirements,
they may receive satellite data at either one or two frequencies,
with or without A/J protection. AFAL is supporting the GPS
Joint Program Office to provide performance trade-offs related
to high-anti-jam techniques for GPS, as well as to expand the
technology base for GPS user equipment. As part of this program,
AFAL is procuring the AFAL Generalized Development Model (GDM)
of the GPS user egquipment, which includes the hardware and soft-
waxe necessary to receive and process GPS navigation signals,
along with inertial and auxiliary sensor data in some modes,
and determine optimum estimates of the thiree dimensionmal position,

velocity, and system tiine. In our study of GPS we have summarized

the GPS system and sources of errors, invegti

modeling techniques, and proposed means of integrating the GDM
into CSFL, thus allowing GPS system concepts to be validly tested

through a hybrid simulation. Among the items considered are:
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2xpected GDM receiver structure; integration of the GDM

% simulator into CSEL; the use of the Draper Laboratory's

1 CSDL/4 - SV satellite simulator; new techniques for con-
structing variable delay lines; antenna simulation; stabili-

zation of time delays; and hardware and software requirements.

The final part of the study deals with some features of
satellite signal propagation. It consists of two separate
but complementary parcts. The first is a summary of the properties
of satellite signals. The second is concerned with means of
simulating, on a digital computer, signal distributions which
would be the same as measured on a scintillating signal. Algorithms
are derived for generating signals with the distribution of either

envelope alone, or both the envelope and phase.

1.3 Contents of the Report

The report is divided into four main sections. Section 2
contains the material related to LES 8/9, Section 3 the material
related to GPS, and Section 4 the material related to satellite
signal propagation. Conclusions and recommendations are given

in Section 5.
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SECTION 2

LES 8/9 STUDIES

2.1 Introduction

The Lincoln Experimental Satellites LES 8/9 are experimental
satellites, operating at VHF and K-band. They are designed o
accept signals which are frequency-hopped over a wide bandwidth
for A/J purposes, process them, and refo.mat, remodulate, and re-
transmit their data to other users. Thus the satellites are con-
siderably more sophisticated than the conventional repeater-type
satellite, which simply heterodyne incoming signals to another

band and then retransmit them with no further processing.

In this section we discuss four aspects of the LES 8/9
system and their application to the CSEL facility. In
Section 2.2 we describe the effects of limiters on frequency-
hopped signals. The simulation of Doppler and differential
boppler shifts, which is an important effect in wideband A/J
systems, is considered in Section 2.3. Repeater jamming of
frequency-hopped signals is analyzed in Section 2.4. Section 2
ends with a discussion of systematic tests to be run using CSEL
with the LES 8/9 simulator.

2.2 Effects of Limiters on Freguency-Hopped Signals

A frequency-hopped (FH) signal is often processed through
a limiter, as this provides a means of reducing the effect of a
jammer on a coded system. In this section we consider the sup-~
pression which FH signals undergo in both hard and soft limiters,

when combined with CW or FH jamming signals.

5
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2.2.1 CW Jamming Suppression of FH Signals
in a Hard Limiterx

Suppose that two CW signals are present at the input to a
hard limiter: one of them arising from a frequency-hopped (FH)
desired signal, and the other from either a CW or FF. jammer.

If the desired signal is at frequency fo' and the undesired
signal at fl, then the output of the limiter contains an in-
finite number of spectral lines spaced at multiples of the dif-
ference frequency (fl—fo). The bulk of the limiter output
energy appears in the lines at fO and fl; however, as much as
19% of the limiter output can appear in other lines when the

signal and jamming are equal.

If S and J are the signal and jammina powers, respectively,
the fraction of the total output power that would appear at
the desired frequency when using a linear amplifier would be

s/ (s+J).

Beside wasting power in spurious spectral lines, the hard
limiter increases the disparity between the power in the spec-

tral lines at fo and f this is the well known weak-signal

17
suppression effect.

This combination of weak-signal suppression and power in
spurious lines causes the power in the desired component to be

some number

W(J/S) - S (1)
S+dJ
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rather than S/(S+J). We call ¢{(J/S) the "suppression factor"
and we have plotted ¢ in Fig. 1. The details of calculating

y are given in the Appendix. Although ¢ is indeed a suppres-
sion factor in the important situation where the jamming/signal
ratio is greater than unity, it is apparent from the figure that
y 1is actually an improvement factor when the signal is more

than 0.9 dE stronger than the jamming.

In an actual hard limiting repeater the power amplifier
that follows the repeater will have a bandwidth approximately
equal to the input bandwidth and only a finite number of the
spurious spectral lines will be passed by the amplifier. Whether
or not the power that would have been in thase lines will ap-
pear in +the remaining lines depends on the exact characteristics
of the power amplifier. Any slight improvement that results
from this effect is likely to be counterbalanced by incidental

AM to PM conversion.

In any event changes from the signal-suppression effect
shown in the figure are negligible if the separation between the
two frequencies is small compared to the bandwidth, and we may
take the curve as shown to be both the worst-case and a good
approximation to all of the other cases. The derivation of

is given next.

2.2.1.1 cCalculation of Hard Limiter Suppression Factor

Using complex notation, let

I

signal = exp (jwot), (

—

jamming = A exp (jwlt),
L 2 .
so that the jamming/signal ratio is A°. The total input to the

limiter is then

&
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<
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v(t) = exp (jwot) + A exp (jwlt), (4)

and the hard-limited output (with unity peak voltage) is

w(t) = v(t)/lv(t) |. (5)
Since

\v(t)\2 =1 +2a%+ 2Acosfwl—wo)t], (6)
we have

wit) = [1 + A2 + 2Acos[(u)l--wo)t]—;i v(t). (7)

The amplitude of the desired component at the limiter output is

T
lim(1/T) I exp(-jwot) w(t) dt
T (e}

<
]

T l+Aexp[j(wl-wo)t]

_ lim(1/7) |

5 dat. (8)
T o [1+A"+2A cos {(w

Y
l—wo)t]

It is easily verified that this is eqgual to the average over a

whole period of the difference frequency:

1+2exp (§6) (9)
2 L
[1+A"+2Acos8]) ?

I
v, = (1/2n)l11 ae

Since the integral of the odd part of the integrand vanishes,

we have
" 1+
v = (1/27) f ae .2Acose -
7 (1+A“+2Acos8) *
m 1+Acos
= (i/m [ as Theesd (10)
S (L+A"+22c030)

(The latter expression follows from the even symmetry cf the

integrand.)

Rt x-,q::w—.n«: - a4
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It is convenient to write the numerator 4n this integrand

as
l+Acos6 = (1/2) (2+2Acosh)
= (l/2)(l+A2+2Ac059 + l-AZ), {11)
so that
i1
2 3
v_= (1/2n) J df® (l+A"+2Acosh)
© o
i1}
» - _;’;
+ [-a%/m1] a0 (alroncose) X, (12)
O

The change of variable 6 = 29 combined with application of the

trigonometric identity

cos 20 = 1-2 sinzw {13)
leads to
/2
- L
v, = (1/m) J de (l+2A+A2-4A sinzco)2
o
/2
2 -3
+ [(1-a)~ /] f dp (1+2a+A%-an sin? ) 2. (14)
o)

Let us now introduce the parameter m defined by

m = 4A/(1+A)2. {15)

We then have

/2
v, = [(1+a) /7] j do (l—msinzw)%
o
rr/2
+ [(1-A)/m f dey (lnmsinzw)"%. (16)
o

10
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This final expression is in the form of complete elliptic in~
tegrals. (See, for instance, Egs. 17.3.1 and 17.3.3 of Hand-

book of Mathematical Functions by 2Abramowitz and Stegun.)} We

thus can write

v, = (14a) E(m)/7 + (1-a&) K (m)/m. (17)

The value of Vg can be calculated using Eqgs. 17.3.34 and

17.3.36 of the cited reference; we can then write
= v 18
P, = Vv, (18)

as the power in the desir. ? component. Noting that if the unity
power output of the limiter nad been divided proportionally be-
twaen just the W and Wy components we would have had a power
level in the desired component of

b = (1+a%) 71, (19)

we can define a signal suppression effect

b= po/Po. (20)

This suppression effect in dB is given in Table 1. It is useful
to include in the table some extreme cases outside of the calcu-
lation range. For m ~ G, (corresponding to A -0 or A - =),
it is conveninent to work directly with one of the earlier

exvressions for Yo which we repeat here:

v

v_ = {1/m} j ae leA cos@
[o]

i
© {1+2Acosh + A2)2

For A-«, thig can be written asz

11

]i T
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TABLE 1. SUPPRESSION EFFECT

J/S, DB Suppression, DB

0.00
0.18
0.27
0.37
0.45
0.35
0.07
- 0.04
- 0.16
- 0.33
- 0.55
- 0.91
1.32
- 1.60
-1.83
- 2.04
- 2.23
- 3.01
- 4.07
- 4.76
- 5.21
- 5.50
- 5.86
- 5.97
25.0 - 6.01
30.0 - 6.02
@ - 6.02

1
[

® & 8 & ¢ 2 & +
QO OO OO OOCOUOLNMNONPEOOTMOOOO OO
I

CORNHLNVMFROOCOOOOOOOHNMDPOOO S
* -

N =
o n
1 ]
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cosf + A--1

v_ = (1/m) jdo > (21)

(l+2A—lcose + A )

The denominator in this expression can be expanded in powers of

A using two terms of the negative binomial expansion to ob-

tain

(l+2A—l cosh + A_z)_;i ~ 1-a"% cose. (22)

Multiplication »f this by the numerator then gives
T -1, 2
v, " (1/m) j de [cos 8 + A ~ sin" 6]
o

= 1/2A. (23)

The corresponding power is

P, ~ 1/4A2 (24)

yielding the well known 6 dB signal suppression effect:

v = (1/48°%)/(1/a%) = 1/4 as A-w. (25)

At the other extreme of A—0, we evaluate the integrals by

inspection to verify that
=1 as A~ O. (26)

The one significant case remaining is that of equal jam-
ming and signal power. In that case A=1 and the expression for

vo becomes

13
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v = (1/m) I ae 1+ cosf
e}

Y
(242 cosh)

-

— - i

=2 %TT:lj ds (l+cosh)’?
(0]

/2
- 1
= igl f dp (l+cos2w)?
o
m/2
- . L
= 2;5 _— J do (2 coszco)2
o
m/2
= (2/7) f cos ¢ dy
o)
= 2/m,
We thus have
2
PO - 4/17 ’
and, since PO = 1/2,
2 .
Y = 8/m = - 0.91 d if A = 1.

2.2.2 CW Jamming Suppression c¢f FH Signals

e T A T T e SO AN A Y F O S
B Iy aracie 210 o i MU ALLNERL ISR S I MM 4 AT .

in a Soft Limiter

T R

(27)

(28)

(29)

In Section 2.2.1 we analyzed the suppression of signal energy

that occurs when a frequency-hopped (FH) signal and CW or FH jamming

are simultaneously present at the input of a hard-limiting repeater.

It was suggested by Capt. James Nash of the Air Force Avionics

Laboratory that we extend that analysis to the soft-limiting re-

peater. This section is the result of that suggestion.

analysis.
14

We first
summarize some aspects of the problem, and then present the detailed
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2.2.2.1 Summary of Soft Limiter Results

The use of a soft-limiter presupposes use of an ampli-
fier that is operating part of the time in the linear
region and part of the time in a saturation region.

In the most general situation, the phase-shift through
such a device will be a function of the amplitude of
the input. We have made the simplifying assumption
that only the gain depends on drive level and not the
phase shift. It must be recognized that there will be
some practical applications for which the reswnlts here
represent an incomplete solution.

In most applications both the input signal power and
input jamming power are variables so that some form

of automatic gain control (AGC) must be used if the
soft-limiting repeater is to depend only on relative
jamming and signal power and not on the absolute
levels. We have shown in the main body of the text
that if the performance is to be invariant to scaling
of the total input, then the voltage gain preceding

the soft limiter should be inversely proportional to
the L -norm of the waveform. We have used the L_-norm
of thB total input waveform which corresponds to making
the voltage gain of the preamplifier inversely propor-
tional to the rms input envelope. Correspondingly,

the average power at the input to the soft limiter will
be constant.

The exact performance depends on the specific form of
the nonlinear output/input characteristic. However,

an excellent approximation to the performance can be
obtained by treating the soft-limiter as a device that
acts as a linear amplifier for input envelopes less than
a specified constant times the rms envelope, and clips
the output above this level as shown in Fig. 2. We
refer to this as a saturating amplifier characteristic.

As in the hard limiter we compare the power in the signal com-

(=)

v -
SUc &

141

nAtan £
-owWe i

constrained by an average power limitation rather than a peak power

limitation; the ratio of these signal powers we refer to as the

signal suppression.

15

an ideal amplifier
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Figure 2. Saturating Amplifier Characteristic
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The results of the computer calculations of signal suppres-
E sion vs. J/S ratio show that for each J/S ratio there is an opti-
mum clipping level. Table 2 gives this optimum clipping level for

several values of J/S. The optimum clip level exhibits an inter-

esting pattern:

(2a) For J/S < 0 dB the hard limiter is optimum.

TR

(b) For J/S > 0 dB a soft limiter is optimum but the clip

level is always less than 1.3 dB above
the rms envelope.

(c) As J/S = o the optimum clip level is slightly above
but not egual to the rms envelope.

ala'd ¥ bt S

it 2

.

Since any operational system would undoubtedly have to work

Liro

at a fixed clipping level, it is also of interest to determine

the worst case suppression for each clipping level. Table 3 gives
these numbers 1°r several clipping levels. The minimax value in

this table occurs with a clipping level of 0.7 dB above the rms
envelope.

The choice of clipping level clearly depends on which range
of J/S values is most likely to ozcur on the operational link.
As an aid to possible system desicn we include Tables 4 to 11
which give the signal suppression vs. J/S for clip levels of 0.1
to 1.3 dB above rms signal level, and for the hard limiter. In
addition, some of these data points are plotted in Fig. 3 to
show graphically the type of tradeoff involved. We have specific-

aily chosen for graphing the clipping levels of

(a) 1.3 dB, which is the largest clip level that would
ever be considered

(b) 0.7 @B, which minimizes the maximum suppression

(c) 0.1 dB, which nearly minimizes the suppression at
arbitrarily large J/S ratios

(d) -« 4B, wi:ich is the hard limiter.

17




TABLE 2 OPTIMUM CLIP LEVEL VS J/S

Optimum Clip Level Signal
RMS Envelope Suppression
J/S (20 loglovoltage ratio) (positive values = enhancement)
- o dB - dB 0.00 4B
=10 - 0.18
-9 - 0.23
- 8 ~o 0.27
-7 -~ 0.32
- 6 ~c 0.37
-5 ~® 0.44
-4 -~ 0.45
-3 - 0.44
-2 - 0.35
-1 - 0.07
0 - -0.91
1 -5. -1l.51
2 -2. ~-1.80
3 -1. -1,98
4 0.6 -2.09
5 0.9 -2.12
6 1.2 -2.11
7 1.3 -2.06
8 1.3 -1.99
9 1.3 -1.91
10 1.3 -1.81
11 1.3 ~-1.70
12 1.3 -1.58
13 1.3 =-1.47
14 1.2 -1.35
15 1.2 ~1.25
16 1.1 ~l.14
17 1.0 ~-1.04
18 0.9 -0.94
19 0.8 -C.86
20 0.7 -0.79
21 0.7 -0,70
22 0.6 ~0.64
23 0.6 -0.60
24 0.5 -0.51
25 .5 -0.50
26 0.4 -0.42
27 0.4 -.40
28 0.3 -0.38
29 0.3 ~0.30
30 0.3 -0.30
® ot ~0

18
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TABLE 3.

Clip Level

WORST SUPPRESSION AT EACH CLIPPING LEVEL

Worst Case
Signal Suppression

F~
W
ot}
o]

<

oy
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e
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. . ] . . .
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J/S Value at Which
Worst Case Occurs

2.18 4B

2.16
2.14
2.13
2.12
2.12
2.11
2.12
2.13
2.15
2.18
2.23
2.31
2.50
6.01
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SIGNAL SUPPRESSION IN HARD~LIMITING REPEATER

|
o
o
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20

Suppression,dB

0.18
0.28
0.27
0.32
0.37
0.42
0.45
0.44
0.35
0.07
-0.92
-2.23
-3.01
-3.60
-4.07
-4.45
-4.76
-5.00
-5.21
-5.37
-5.50
~5.61
-5.69
-5.76
-5.81
-5.86
-5.89
-5.92
-5.94
-5.96
-5.97
-5,98
-5.99
~-6.00
-6.00
-6.01
-6.01
-6.01
-€.02
-6.02
-6.02
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é TABLE 5. SOFT-LIMITING REPEATER CLIPPING LEVEL IN DB 0.1
;
1 J/S IN DB PSI-SUB~S/N,DH
3
; -10 —0.83
{ -9 91
3 ~8 -0 .2
-7 -1.08
1 -6 —1.17
3 -5 ~1.27
-a 1437
-3 —1047
1 -2 ~1.57
-1 -1.67
3 0 -1.77
1 -1.85
2 -1.93
3 -2.01
4 "'2008
5 —2.13
6 —2.18
7 —2.22
8 -2.25
9 -2.28
10 -2.29
11 —2.30
12 ~2e31
13 —2.30
14 ~2.30
15 -2.28
16 ~2.26
17 -2.24
18 -2.21
19 -2.18
?O "2.14
21 -2.09
22 ~2.04
23 -1.98
24 ~1.92
25 -1.84
Py -1.76
27 ~1.67
26& ~1.57
29 —l.a7
30 -1.35
21
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SOFT~LIMITING REPEATER CLIPPING LEVEL IN DB 0.3

J/7S5 IN DB

-10

L
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22
23
24
25
26
27
28
29
30

PS1-SUB-S/N,DB

22

-0.92
—~1.00
=1.08
~1.16
=125
~1,335
=144
~1.54
~1+63
~1.73
~1.81
—-1.89
—~196
~2.03
-2.08
~2412
~2¢15
’_2017
-2.18
~2.18
~2.17
~2.15
~2.12
~2.08
~2.03
-1.98
-1.91
=1e83
~1e74
~1.64
~1.53
~le4l
~1.28
-l1.14
~0.99
083
=067
~0.52
—0.38
~0430
"0030
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TABLE 7.

SOFT-LIMITING REPEATER CLIPPING LEVEL IN DB 0.5

J/S IN OB

=10

PS1

23

-SUB~S/N,»DB

~1.02
~1 .09
~1417
—-1¢25
—1+34
-1.43
“'1052
=1.61
~1470
-1.78
—1.86
—~1493
-200
—-2.05
~2.09
—2.11
—2013
—-2.13
—2+12
210
~2.07
—2.02
—~1.96
—-1.89
—-1.80
-1.71
—1.60
—-1.48
—1.35
—1.21
—~1.07
=091
—0e76
-0e62
~0e51
—050
-0.50
-050
~0 50
-0650
~0a50
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%’i TABLE §. SOFT-LIMITING REPEATER CLIPPING LEVEL IN DB 0.7

J/S 1IN D3 PSI~SUB~S/N,,DH .
-10 ~1e12 ;
-9 -} 419 :
-8 —1.26 :
-7 -1.34
—6 _1 043
-5 -1.51
-4 ~1+60
-3 ~-1.68
-2 ~1.77
-1 ~) + 84
0 "l 592
1 ~1.98 i
2 -2.03 :
3 -2007 .
4 -2.10
5 ~2.11
6 "'2011
7 -2.10
8 -2007
9 -2.03 .
10 —1.97
11 ~1.90
1? —1082
13 ~1.,72
ia ~1461
15 ~1449
16 ~-1.36
17 -1.22
18 ~1.07
19 ‘_0093
20 -0.79
21 ~0e70
22 ~0.70
23 -0.70
24 ~0.70
25 -0.70
26 ~0.70
27 ~0.70
28 ~0.70
29 -0,70
30 -0.70
24
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TABLE 9.
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SOFT-~LIMITING REPEATER CLIPPING LEVEL IN DB 0.9

J/S 1IN DB

-10

- |
CVENOCUVNDUWUN=OwND W

WAON NN NN DN NN = = s b s o b e s
OCLC IDSNNONDWN—=DVOTNCONEWN -

PS]

25

—SUB-S/N DB

=~1.23
1429
-1 036
~1s.44
-1.52
—1.60
—1 .68
-1.76
~1 e84 .
~1e91
~1.97
—2.,03
—2.07
-2¢10
~2el12
~2.12
—2e11
—-2+08
—2.03
—-1.97
—1¢90
~1.81
-1.71
~159
-1 .47
~1433
-1.19
-1.,06
~0.94
~090
=090
~0690
-0+90
~0+90
-0 .90
=090
~090
-0 «J0
=0.90
=-0.90
-0-90
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TABLE 10. SOFT-LIMITING REPEATER CLIPPING LEVEL IN DB 1.1

J/7S IN DR PSI-SUB-S/NsDB
-10 ~1.34
-9 ~1440
-8 ~1.47
-6 -1.62
-5 —1+69
1 -3 ~1.84
1 ~2 -1.91
; -1 —1.98
3 0 —2.04
F 1 —2.08
3 2 —2e12
3 =214
4 ~2.14
5 -2.13
6 —2e.11
7 ~2.07
a8 "200]
Q =193
10 —1.84
11 ~1.74
12 =1.63
13 =1.50
14 ~1.37
15 -1.25
16 ~lel4
17 -1.10
18 -1.10
19 -1.10
20 =l.10
21 -1.10
22 -1.i10
23 —~1.10
24 —1410
25 -1.10
26 ~1.10
27 —1.10
28 ~1410
29 —1.10
30 -1.10

26
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TABLE 11. SOFT-LIMITING REPEATER CLIPPING LEVEL IN DB 1.3

o

]

T

K
3
3 J/S IN DB PSI-SUB-S/N,D8
2
3 -10 ~1.47
4 -9 —1.52
3 -8 ~1.58
-7 -] 65
; -6 -1.72
] -5 -1.79
1 —4 -1.86
_3 —1 093
-2 -1.99
~1 ~2.05
O _2010
! -2ol4
2 —2017
3 -2.18
4 _2017
<) -2.315
6 "'20’2
7 —2.06
8 ~1.99
9 ~-1.91
10 -1.8i
11 ~1e70
12 -1.58
13 _1047
14 -1036
15 -1.30
lf) “'1030
17 ~1.30
16 _1.30
19 -1030
20 -1.30
21 -1030
22 -1.30
23 ~-1.30
24 -1.30
2% ~1.30
?6 —1030
27 -1.30
28 ~1.30
29 "]030
30 -1.30

27
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Figure 3. Signal Suppression in Soft-Limiting Repeater.
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In addition to the obvious application of soft-limiting in
satellite or RPV repeaters, there are certain MFSK receivers that
uge limiting prior to the multiple filters. A typical situation
is ome involving a coded 8-FSK or 16-FSK signal,where the 8 or 16
possikle tones are hopped as a group,and where the receiver con-
sists of a dehopper followed by a narrow-band limiter fcllowed by
a filter bank, followed by decoding circuitry. Because soft-
limiting appeared to be such a desirable tool in the satellite-
repeater framework, we felt that it might also prove to be useful
as a receiver preclipper in place of the hard limiter. Further~
more, it was easy to extend the numerical programming to include

this case.

For the receiver preclipper, it is again necessary to assume
some Form of automatic gain control so that the clipping level is
referred to input power or rms envelope. This is not the place
for a detailed discussion of demodulation of coded FH transmissions;
however, a brief analysis suggests that the gain control should
not be set in terms of the average total input power, but rather
should be referred to the rms envelope of the desired signal. We

base our analysis on this assumption.

When the satellitc repeater was analyzed,it was sufficient
to consider the signal suppression alone because the dominant cause
of link failure in that situation is the downlink noise. This is
no longer true in the case of the receiver preclipper where the
source of errors is the jamming power at the output of the non-
linearity, One ig thus led to considering the suppression of
both signal and jamming power below the peak output of the non-

linearity.
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Figure 4 presents curves of both suppression effects at
three clipping levels. The results are inconclusive as to
whether use of a soft limiter in this application would be
beneficial or not. Basically what is needed is an analysis
paralleling that in the repeater study, Section 2.4 of this
report. Such an analysis would determine the optimum operating
point for the jammer for each clipping level and establish the

improvement or degradation that accompanies soft limiting.

2.2.2.2 Analytical Development of the Scft Limiter

In Section 2.2.1 we analyzed the suppression of frequency-
hopped signals by constant amplitude jamming in a hard limiter
amplifier. In this section we extend that analysis to other non-

linear amplifiers, including AGC effects.

2.2.2.2.1 Description of the Input Signal

Let
= signal power at input to nonlinearity (30a)
J = jamming power at inputto nonlinearity (30b)
w,. = signal frequency, radians/sec (30c)
Wy = jamming frequency, radians/sec . (304)

If we refer the power levels to a %-ohm impedance level (the actual
impedance level is obviously irrelevant), the voltage waveform at

the input can be written as
vit) = 5% cos(n_t) + J° cos(w;t). (31)

With reference to any frequency in the signal band, this

wavefcrm has a slowly-varying envelope, and siowly-varying phase.
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For example, if we select the signal frequency itself as a ref-
erence, we can rewrite Eq. (31} as

v(t) = R(L) cosfwst + @(t)], (32)
where the fluctuations of both R(t) and «¢(t) are very slow com-
pared to those of cos(mst).

Before evaluating R(t) and o(t) it is helpful to make a few
notational simplifications to make the ensuing mathematics shorter.

Specifically we write

¢

a=8° {33a)

b = J%, (33b)
and

W T W W - (34)

In terms of these quantities Eq.(31) can be rewritten as
v(it) = a cos(mst) + b cos(wst + gt), (35)

or, upon expanding the second term using routine trigoncmetric

identities,

v(t) = [a + bcos{wt)] cos(wst)

- b sin(wt) sin(mst). (36)

If we use a similer expansion of Eq.(32) we find the alternate

expression for V(t}:

V(t) = R(t) coslo(t)] cos (w t)

- R(t) sinfp(t)] sin(wst). (37)

The coefficients of cos(mst) in Egs.(36) and (37) must be equal
to each other, as must the coefficients of sin(mst). We therefore

have
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a + b cos{wt), (38a)

R(t) coslo(t)]

b sin{wt). (38b)

R(t) sinfo(t)]

Th~ ratio of these two equations yields

b sin(wt) (39)
a+ b cos(wt) '

tanfp(t)] =
whi.e the sums of squares of the two eguations yields

Rz(t) = a2 + 2 ab cos(wt) + b*. (40)

2.2.2.2.2 Description of the Nonlinearity

If we passed V(t) through an ideal linear amplifier, the

output would be

W(t) = Kv(t) = KR(t+)} uos[wst + op(t)]. (41)

The type of nonlinear amplifier we are concerned with can be
thought of as an amplifier with drive-dependent gain followed
by a bandpass filter which only permits transmission of fre-
quencies near the nominal carrier frequency. Let us write the
output of this device as

W(t) = 9(t) cos[wst + a(c)]. (42)

We now need to examine the relation of Q(t) and A(t) to R{t)

and o@(t).

Since R(t) and ©(t) are slowly-varying let us look at the
values of Q(t) and 8(t) when R(t) and ¢(t) are constant for some
small interval of time. 1In this situation V(t) 1s a coastant

amplitude sinusoid:

V(t) = R cos[mst + @) if R(t) = R and o(t) = o. (43)
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Clearly, the output of the nonlinear device must also be a con-

stant amplitude sinusoid,
wit) = Q ccs[wst + 0. (44)
Furthermore, since we can write

cos[wst + @) = cosrws(t + m/ws)], (45)

the phase shift ¢ is completely equivalent to a shift in time.
Since the hehavior of the nonlinearity must not be a function

of the time origin, we then have

w(t) =@ cos[ws(t + m/ws) + 9O]

. (46a)
0 cos[wst + o + eo]

where 90 is the equivalent phase shift of the device viewed as

a linear amplifier:

6 = 90 when o© = 0. (46D)

Since neither 90 nor Q depends on ¢, the most ceneral form

-

that we can assume for the device is

]

H(R) - (47a)
h(R) (47b)

Q

8
o]

n

or

Ww(t) = H(R) cos [wst + o + h(R)]

when R(t) = R and m(t) =, (48)

S =

We can now generalize to the actual case. As long as the

variations of R(t) are sufficiently slow compared to the time
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constants of the circuits in the nonlinear device, Egs. (47)

i e L S

and (48) generalizes immediately to

% Q(t) = HIR(t)], (49a)

Fy eo(t) = hiR(t)], (49Db)
and

w(t) = H[R(t)] cos[wst + ¢ + hir(t)]]. (50)

&
£
E

The form of the output give by Eq.(50) is the most general
form of distortion we reasonably need to consider in analyzing
the effect of nonlinearities, and there are, in fact, many types
of amplifiers (beam power devices like travelling-wave tubes,
for example) that reguire the full generality of this expression.
It is virtuzlly impossible, however, to achieve any useful ana-
lytic results when we include the drive-dependent phase shift
h{R(t)] except with a case-by-case numerical analysis. Let us

therefore consider a more restricted model.

2.2.2.2.2.1 A Restrictive Assumption

Suppose we model the nonlinear amplifier as a memoryless
nonlinearity followed by a band-limitation. Let us consider
first the effects of the memoryless nonlinearity by itself with-

out including the effect of the subsequent band-limitation.
We will write the output of the nonlinearity as
u(t) = £[v(t)]. (51)

Now it is certainly possible to assume that V(t) is bounded in

magnitude by some large number L,

lvie) | < 1, (52)
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and on the range |v| £ L we can always find a polynomial approxi-

i)

mation to f(v):

M
~ I
£(v) =~ I

£ vm, [v] < L. (53)
m

0

The approximation can be made arbitrarily good by taking M suf-
ficiently large. Looking ahead to the result of filtering U(t),

we can see that only the odd powers of v can yield in~band com-

3
3
A
5
5""%
=
5.
K
&
E
E

ponents. Let us therefore simplify Eq.(53) to read
K
. k'l' l
£v) 2 5 £ v, (54)
k=0

where the symbol " = " means that the even powers have been omitted.

With v(t) given by

v(t) = R cos(wst + ), (55)
the output U(t) is then
K 2k+1 2k+1
vit) = T £ R fcos(w t + )] . (56)
k=0 2k+1 S

The powers of the cosine in this expression may be evaluated by
the chain of equalities

2k+1

(cos x) = (%)

2k+1<e3x "

-jx\2k+1
&

2k+1
()

2k+1
(%)

2k+
() 2Kt

]

2k+1

-+

(%)

2k+1
m=0

2k+1

m v

- <2k+1§(ejx)m(e—jx>

2k+1-m

N\

2k+l\ej(2m-l~2k)x

m=0 ( m /

k

5 (2k+l>ej(2m—l~2k)x

m=0 v m
2k+1
m=k+l \m
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or upon substituting n = k + 1 - m in the first sum and n = m - k

in the second sum

4
el _ g 2kl kzl (2k¥1y 3 (1-2n)x
(cos x) = \7 n®1 “k+l-n/

ox+1 KTL

r ) (2k+l>j(2n—l)x

ngl \ n+k

Since the binomial coefficients are identical in the two sums for

the same index n, we can combine the sums as

2k+1 ok+1l Bl okt
= ()  (

(cos x) r+k> 2cos [(2n-1)x)

n=1

or, finally

k+1
2k+1 -k .. 2k+l\
- - 57
(cos x) 4 nil ( k) oS [(2n-1)x]. (57)

If we substitute this in Eq. (56) we then have

K
2K+l -k
ult) = I, Faxel 4

k+1

<2k+l

iy n+k> cos[(2n-l)(wst + )], (58)

In this expression the terms involving
cos [(2n-1) (w t + 9)]
are centered in frequency on an odd harmonic of w .

Even though
the spectral width of these terms is proportional to the sum of

the spectral widths of R(t) and coslep(t)] multiplied by (2k+1).

we can usuaily assume that none of these spectra fall in the
vicinity of W It is therefore an excellent approximation to

use only the term for n = 1 in each of the innexr sums of Eq. (58)

to arrive at
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< X
; L 2k+1\ -k . 2k+1
' u(t) = {kﬁo fox+1 (k+l> 4 [R(t)] }

. cos[wst + o(t)]. (59)

It will be noted that we have reinserted the time-dependence of

R and o which was left implicit in Egs. (55)-(58).

E In the CW-jamming case we are analyzing, it is useful to

temporarily factor the first power of R(t) out of the quantity
in the braces, and to associate it with the phase modulated term

so that we then have
K /2k+1 -k 2 k
vie) = {kzo Eyerl wren) ¢ R ()

* R(t) cos[wst + op(t)]. (60)

The term multiplying the quantity in braces is then seen (from
Eq. (32)) tobe V(t); we can also substitute the expression for

Rz(t) from Eq.(11l) to obtain U(t) in the form

K
_ ! 2k+1 -k 2 2 k
u(t) = {kEO f2k+l { k+l) 4 [a“+ "+ 2ab cos(wt)] }
«[a cos(wst) + b cos (wst + wt)]. (61)

In this form we see that U(t) consists of carriers at w_ and wS+(u

that are amplitude modulated by sinusoidal terms that are harmonics

of w; the largest of these harmonic modulation frequencies is at

Xg. We this have the highest and lowest fregquencies in U{t)

given by
highest radian frequency in U(t) = mS+ (K+1)w, (62a)
lowest radian frequency in U(t) = U Kw. (62b)
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The most unfavorable situation therefore occurs when the jam~-

ming frequency is near the signal frequency so that
w << transmission bandwidth, (63)

in which case all of the distortion frequencies pass through

the filter and
W(t) ~ U(t). (54)

We thus can substitute W(t) for U(t) on the left~hand side of

Eqg. (29); if we then compare this with Eg. (20) we see immediately

that
() = s . (2k+l> ok 2K+l (65a)
FT oo 2kFL Mkl oo
and
h(r) = 0. (65b)

This yields the simpler expression

w(t) = H[R(t)] cos\'wst + o(t)]. (65¢)

This is the model we will adopt in the ensuing analvsis.

2.2.2.2.2.2 Shortcomings of Restricted Model

It must be recognized that in using the restricted model
of Eq. (66) we are possibly ignoring the more seriouc suppression
effects of the nonlinearity. The assumption that the phase shift

is independent of drive level implies that the device exhibits

> no AM-to-PM conversion. This is certainly incorrect if the soft-
E_ limiting effects occur in a microwave power amplifier, and it is
a difficult design problem to insure its truth even in low-power-

level devices. Furthermore, the effect of AM/PM conversion can
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be far more significant than the amplitude nonlinearity itself.
From this previous study of the hard limiter, we expect maximum
suppression due to amplitude effects to be of the order of 6 dB.
However, it is possible to conceive of suppression effects much
larger than this associated with the incidental phase modulation

in a multiple-cavity power amplifier. The ensuing analysis of

suppression associated with amplitude nonlinearities must there-

fore be viewed as only a first stage in the analysis c¢f actual

(Rt K

devices.

2.2.2.2.3 Suppression Ratios

The instantaneous RF power out of the nonlinear amplifier

LUt M o amal o e T

is given by

p(t) = (HTR(£)]}°. (67)
We denote by P the maximum available power from the device:

P = peak power. (68)

Correspondingly, H must be constrained by

1
H(r) s P% 0 s r s =, (69)

It is helpful now to factor W(t) in a slightly different

way. We define

G(r) — M. (’70)

r !
G(r) can be looked on as an amplitude-dependent voltage gain.

We then have

Wwit) = GTR(t)] R(t) cos[wst + o(t)], (71)

or, upon comparing with Eq. {3),

w(t) = GTR(t)] v(t). (72)
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If we refer back to Eqg.(40) we see that R2(t) is an even

periodic function with period

k= 2n/w. (73)

Consequently, R(t) also has this property as does GIR(t)]. We

therefore can write

G[R(t)] = g, * ngo g, cos(nwt) (74)
where
to/2
1 ”
9 = ¢ f GIR(t)] at, (75a)
° _t /2
O
and to/2
9, = éL f G[R(t)] cos(nwt)dt, n > 0. (75b)
°© -t /2

These coefficients may be put in a slightly nicer form by changing

the variable of integration to be

X = UJtl
so that
l kel
_ 1 7
9y = 30 j Glp(x)] ax, (762)
-7
1 m
g, =5 j Glp(x)] cos(nx)dx,n >0, (76b)
-TT

where, in both expressions p(x) is given by

p(x) = [a2+ 2ab cos(x) + bz]%. (77)
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If we now replace the factors G and V in Eq.(72) by their
aquivalent expressions given in Egs.(74) and (35) respectively,

we have

wit) = [go + £ g, cos (nmt)1 (78)

n>0 -

- [a cos(wst) + b cos(wst + wt)],

or, using the standard trigonometric identity for the product

of two cosines,

Ww(t) = a 9, cos(wst) + b go cos(wst + wt)

+ £ Yagecos(w.t+npt) + £ % a g cos(w_ t-nwt)
n>0 gn S n>0 gn S

+ % _%Db My _t+ (n+ + v +(n- .
n>0% g, coslw (n+1l)wt] n>o%1>gncos[wst (n-1)t]

(79)
Of all the terms involved in this expression, only the first term

and the (n=l)~term in the last zwm are at the signal fregquency of

ms. We can therefore write

w(t) = (a g, * b gl) cos (wst)

+ sinusoids at other frequencies. (80)
If we then denote the output signal power by PS:
PS = power at frequency Wer
we have
2
p.=(ag_+X%bag,)". (81)
o (o) Py

All of the other terms in the expansion in Eqg. {(48) con-

stitute potential! interference or noise in subsequent detection
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operations and we can denote their power by

PJ = power at frequencies # W

It would be tremendously cumbersome to arrive at the value of
PJ by summing the squared coefficients, however. A much more
direct way of arriving at this number is to equate it to the
total power of W(t) minus the power in ws. This total power
is just the time average of the instantaneous power given by

Eq. (67); denoting it by PT' we have

T

- 1im 2 82
P, = lim = j {H[R(£)]}%at. (82)

T—®
-T

We can again use the periodic property of R(t) to write this

as the average over a single period of the difference frequency:

7
p, = 2= [ (alo (011% ax.

-

This can be written in terms of the voltage gain G as

1" 2
= (83
Pp = on Iq{p(X) Glp (x) } ax. )
We then express PJ as

P_ =P -P_. (84)

We turn now tc the definition of suppression ratics. We
observe first that if the amplifier were linear and operated

under an average power limitation; the output power P wot

be divided between signal and jamming in the same proportions

as existed at the input. We would thus have
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s a’ )

, P! = === p = —2—p
3 S+J a2+ b2
£ linear an,lifier,
: ) average pnwer
] pt = 9. p P p limitation. (85)

S+J 2 2 J

a+b

T

For down-link-~limited satellite repeaters where the main
source of interference is the thermal ncise power N at the down-

link receiver and not the reradiated interference, the quantity

of interest is the downilink SNR:

i e AvUEICRIG o L

= 86a
KS/N YPS/N, ( )

i

where

T

Yy = effective path power gain (y << 1). (86Db)

For the average-limited amplifier this SNR is

g S D i e

2

Ko™ T (7

N(a™* b")
so that the SNR suppression may ke defined by
r

KS/N a2+ b2 'S

Ys/n = & =T 2 s (88)
‘s/N a

For certain receiver cir itry calculations (to be discussedqd
subsequently) we will be more oJncerned with the ratios of sig-
nal and interference to peak available output. For those

analyses we will use the factors

v . =p /P o
sS/p S

—
0
~—

and

wJ/P = PJ/P. (90)
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These are not measured relative to the values that would exist

in a linear average-power limited device.

2.2.2.2.4 Summary of Relevant Formulas

It may be helpful to collect all of the relevant formulas
in one place here. We have defined a drive-dependent voltage

¢ gain G that must satisfy

1
{ 0G(p) = P>, (91)

The input envelope p is given in terms of the relative phase of

IR T

jamming and signal as

p(x) = [a2+ 2abzos(x) + bz]%. (92)

TR

The output signal power is given by

2

] = % 93
: P,=(ag +%Dbg) (93)
3 where
3 m
N S
9, = 5§ Cle(x)] ax, (94a)
-7
n
== ] 94b
9, = ¢ ir Glp (x)] cos(x) dx. ( )
The total output power is
has
1 2
= on 9
Pn = 5% ln{p(x) Glp (x)]} ax, (95)

and the interference (or jamming) component of this is given by

P_.=P_ =P . (96)
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The three suppression factors are

Yo =3 B °
S/N 2 P
a
= p (98a)
and
" = (98b)
¢3/p PJ/PU
In all of the expressions the numbers a and b are the signal
and jamming amplitudes,
a® =5, b’ = 0. (99)
2.2.2.3 The Saturating Amplifiex
A reasonably good model for a "soft" limiter is provided
by the saturating amplifier:
G(r) =C, 0=y sr
© (100)
rG(r) =Cr , r zr
o o
That is, Gi{ , provides constant gain below the threshold r .
and constant output amplitude above it. In order to satisfy
the peak power constraint, C and r, must be related by
Cr = P%. (101)

It is useful to tak: the input saturation level r, as the in-
dependent variable in this equation and consequently to redefine
G as

P!i/r, 0O <rsr
(@] (o]

G(r) = (102)
p?

/r , r =2 r
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2.2.2.3.1 Analysis

Since

|]a - b] s p(x) s a+ b,

TR TR

the analysis falls naturally into three separate cases:

Case I 2 or Zzat b (103a)
Case IT : |a-b|< r s atb (103Db)
: Case III : r_ < |a-b| . (103c)

2.2.2.3.1.1 Case 1

: Although this case can be analyzed using trivial arithmetic,

it is useful to use the formulas of Egs.(92)-(99) to set the stage

T

for the more difficult cases. Since

v

ro a+b 2z p(x), (104)

G is given by the single expression

Aaig L Sl Ll e LY

G(r) = P%/ro. (105)

Substitution of this in Egs. (942) and (94b) yields

9o = P%/ro. (106a)

9; < 0, (106Db)
so that, from Eq. (94a),
o a2 2 (107)
PS a P/ro .
The total power. from Eq.(95), is

T
p,=-= |
J

P 2
=) fa2+ 2ab cos(x) + b Jdax
"
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PT =T P. (108)

TR

The interference component, from Eq. (96), is

2 2
3 = - P = . 109
P, =P, S b P/ro ( )
The suppression factors are then
1 a2+ b2 PS a’+ b2
| sy =T 2 BT L3 (110)
3 a“ r
0 0
4 2, 2
wS/P = a /ro, (111a)
1
3 and
3 _ 2 2
UJ/P =b /r” . (111b)
; Since
; ri > (a + b)2, (112)
] Eq. (110) shows that
2 2
+
wS/N < > a b > < 1 unless a =0 or b = 0, (113)
a+ 2ab + Db
Thus the signal power is suppressed from the level achievable
in an ideal average-power-limited amplifier.
2.2.2,3.1.2 case II
We now have
Min p (x) = la=b|s r_ < a+b = Max p(x). (114)

x X
Let us first use the identity

cos(x) = 1-2 sinz(x/z)
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to rewrite Eq.(92) as

02 (x) = (a+h)°~ 4ab sin(x/2).

We now define the elliptic parameter m by

m = 4ab
2 14
(atb)

in terms of which p can be written zs

. 2 L
clx) = (a+b) {1 - m sin (x/2)]°.

When |x| is small p exceeds the clipping level o and,

versely, when |x!| is near 7,0 is in the linear region.

(115)
(116)
(117)
con-
We de-

fine the breakpoint between these regions by X which is given

implicitly by

1
2
’

r = p(xo) = (a+b}ll - m sin2(x/2)]

or explicitly by

r 2
xo = 2 arc sin J/; Ll (a + b

.
—

We then have

1
2

P . =1
Glp(x)] = =5 'L 51n2(x/2)] , 05 [x|s X
%
P < .
Glo(x)] = == ¢ %= x]s
o

The three constants to be determined are then

%

1 p 2 -%
= — —— M=
9, = 2 f ey 1-m sin” (x/2)] “‘dx
x| sx
o
b 2 ¢ p*
2m v axi

(118a)

(118b)

{119a)

(119b)

(120)
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_ 1 f P *cos (x) , 2 L
9, = - ) b [1-m sin"(x/2)] “ax
|x|s x
o
1 4
+ = B cos(x) ax; (121)

x slk|sm To
o

P = j P dx

lxlsxo

(a+b) 2
+ ;% f - a;b [1-m sin® (x/2)Jax. (122)

r
x_<|x|sm )
o]

The third expression is a simple trigonometric integral which

can be evaluated as

X 2
= 7? +.(a+b;_ F(l—m/2)(ﬂ-xo) - (m/2) Sin(xo)]‘ (123)

nr
o]

T
2

The first two expressions can be partially evaluated to yield

X
M-X °
% ) 1 r dx
g /P* = + » (124)
© o m(a+b) g (1-m sinz(x/2)]2
and
sin(x ) xo
3 o 1 i cos x dx 125
gl/2P B mxr * m{at+b) 4 .2 g ( )
o o l1-m sin” (x/2)]

The integrals in Eqgs. (124) and (125) can be evaluated in terms
of incomplete elliptic integrals. However, for purposes of

numerical calculations on a computer it is more efficient to
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evaluate these integrals directly on the computer by any standard

integration algorithm.

2.2.2.3.1.3 Case III

In this case

r s la-b| = Min p(x), (126)
x

so that G is given by Eq.(89a) with
x = TT. (127)
o

If we substitute this value of X in Egs. (123)-(125) we arrive
at

= 128
PT P, ( )
1

g /P" = T

© m(atb) £ Fl-m sin® (x/2)]°
and

;5 _ 1 r coxX x 4dx (130)
9,/2P% = =] .

[1-m sinz(x/2)]

The integrals can now be expressed as complete elliptic integrals
and it is worthwhile to do this because of the availability of
excellent polynomial approximations for use on a computer. In

both of the last two expressions we make the immediate substitu-
tion

x = 20
to obtain
n/2
5 2/~ de
gA/P = 7{a+b) J J k¢
v (1-m sin“9)*
o
and
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L __g___"fz cos (2r)de

9,/2P" = T

I
(1-m sinZa)’?

The first of these can be expressed immediately as a complete

elliptic integral:

Y 2
gO/P = S (atb) K(m) . (131)

In the second we make substitution
. 2
cos(2fr) =1 - 2 sin“a

(1-2/m) + (2/m - 2 sinzp)

i

i

(1-2/m) + (2/m) (1-m sinze)

to obtain

w/2
b 2(1-2/m) .2 =k
gl/ZP = T (atb) i (1-m sin“a) ae
m/2
4 .2 %
;;75153 i (1-m sin™8) “ de.

This can be expressed as a combination of the two kinds of com-
plete elliptic integrals:

2

(atp) [1-2/m) K(m) + (2/m) E(m)]. {132)

5
gl/2P =

2.2.2.4 Threshold Setting in Specific Applications, AGC

Before calculating any suppression curves it is necessary
to establish some probable applications of soft-limiter charac-

teristics.
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T e,

2.2.2.4.1 Soft-Limiting Repeaters ‘

E An obvious use of a saturating amplifier characteristic is
- in satellite or RPV repeater circuitry. The use of a partially-
linear amplifier can lessen the 6 dB signal suppression that

E accompanies hard-limiting in the presence of strong jamming. In

4 order to gain any benefit from linear amplification, however,
the clipping level r must be set in accordance with the input
power level; equivalently there must be an automatic gain con-

trol (AGC) prior to the soft limiter.

Theoretically, the AGC voltage may be derived either from

Gt

peak power or from the average power or average envelope of the
received waveform. Use of a psak-following gain contrcl makes

the threshold inordinately sensitive to pulsed jamming of low

Lk Sddiad R K A o1

average power, and should prcbably never be used. We can there-

fore assume some form of averaging. The optimum averaging

characteristic can generally be assumed to yield a threshold

setting of the general type:

T
_ i
r = f, [T;', fl[T('r)]dT_], (133)

where fl and f2 are arbitrary nonlinear functions. A reasonable
requirement that scaling R by the factor A should scale rO by
the same factor leads to the requirement on f2 and fl that

T T
£ [_l W rAR(T]dT-] =A f [ij £, [R(7)] dTJ (134)
2 LT 6 1 R 20T S 1

for any waveform R(7). In particular this must hold for any

constant R(1):
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R(’l) = X,

so that

: 7 S - s [
12 fl(Ax)J A t2 tl(x)] for =21l
If we let

h{x) = £

S (0) ],
Eq. {135) can be rrwritten as

h{ax) =

Ab ()
which requires that

n(x) = Ex
or
-1
s = =
£, fl(x)} Bx = 8 f, ffl(X)]
which, in turn means that
£o(u) =B £, ()
2 1 :
We can thus write Eq.(134) as
T . .T
-1 - -1ri -
£ 1-% r £TAR(1)] dv - =A £ lfé ! frR(7)]dT -.
e “O . [ b .
where
£ = fl.

Let us now substitute a two-valued R:

R(1) "{x’ 0=

2 T
Y, aT < 7T
to ohtain

s

T)

-1
f "laf(ax}) + (i-a) £(Ay.

Af “laf(x) + (l-a)f(y)].
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(141)

(142)

(135)

(136)

(137)

(138)

(139)

(140a)

(14Cb)




Taking f of both sides of this equation we have

af(Ax) + (l-a) f(Ay)= f{Af—lFaf(X) + (l-a, £(y)]}

s or, if we let
-1
ffaf “(u)] = h(u),

hiaf(x)+ (1-a)f(y)] = af(Ax)+ (l-a) £(Ay).

Differentiating both sides with respect to a gives

f(ax) ~ £(ay)
f(x) - £(y)

h'laf(x) + (1-a)f(y)] =

=Lt £ b v &

which is independent of a over 0 < @ < 1 so tinat

; h' (u) = constant, £(x) s u s f(y).

Since x an¢ y were arbitrary we have

h'{u) = constant, Min f(x) s u < Max f(x).
X X

We now evaluate h'(u) in terms of £ to arrive at

Af' [Af’huu
£ 0 (u)]

= ccnstant.

Taking logarithms of both sides of this equation we have

which, when differentiated again with respect to u yields

£ (af (u)] e )1 ()

P . e --l - . =1 '—l
£faf T{uw] £t T (u)] £'1f (W) £ " (u))

3
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logAnklog{f'[AP-l(u)jﬂ = log(constant) + log{f'[f_

(143)

(144)

(145)

l(u):D

(146)
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If we write

fll
o(z) = 22 (147)

PalCITIL F 0 8 At

then Eg. (146) can be rewritten as

Priion s i s b L

mrAf—l(u)] = w[f-l(u)],Min(f(x) £ u < Max f(x), any A.
X X

T [T

We see immediately that as long as there is one nonzero value

of f-l(u), then

0w(z) = constant, (148)
or

zf"(z) _

i (z) - ¢ (149)

This last differential equation can be solved routinely.

We let

v(z) = £'(z) (150)
to obtain

v'(z) . ¢

v (z) z

which can be integrated as

iogfv(z)] = ¢ log(z) + c;

or
C

viz) = c2z .

This in turn, upon substitution in Eq. (150) yields

. 14 Y — c
p'iz) = c,z
or o
2 l+c
= —= 1
f(z) Tic 2 + c3 (151)
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We thus have arrived at the most general form of Eq. (133),
in which we now can write

fl(r) =q r’ + Y, (152a)

-1, . _ (u=-y\1/y
£,() = BE, T (W) = ( V. (152Db)

1

If we substitute these in Eq.(133), we have

T 1/v
|
r = B {é %}Y + —,i,— ir.v + aRv('r)]dt:j' : (153)
ox
— gt & v. /v
r = B_T.([ rR(r)1Var V.

The choice of an optimum value of v must be based on a
game-theoretic optimization to find the minimax solution for
intermittent jamming of variable duty cycle and fixed peak power.
It is necessary to defer this optimization for the present time
and arbitrarily select the value v = 2 so that the threshold

is set in terms of the rms input envelope.

2.2.2.4.2 Receiver Circuitry

A second application of soft limiting is in the processing
circuitry in an AJ receiver for certain types of transmission.
A possible modulation/detection configuration for FM transmis-
sions is shown in Fig. 5. The function of the limiter in the
receiver is to prevent the decoder correlations in the receiver

from being swamped by an occasional hit by a jammer with large

power.

In this configuration it is usually desirable to limit the

inputs to the filter bank at a value slightly above the expected
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signal amplitude in order to achieve the maximum clipping of
f strong jammers with the minimum suppression of signal in the
absence of jamming. On a line-of-sight transmission path it
9 is usually possible to derive accurate estimate of the received

power at the input to a soft limiter by adaptive measurements

T e,

based on the outputs of the correlation decoder. Thus the clip-~

it s

ping level r_ can be assumed to be set with reference to the

YT

signal amplitude a.

It should be noted that in this application we need to know

bk £*Tasdess 2

both the signal and interference power at the limiter output re-

lative to peak value. This is particularly true since an opti-
mized jammer will attempt to spread his energy among a number
of spectral regions that will yield on the order of magnitude

of 0 dB J/S ratio at the limiter input when a hit occurs. Con-

sequently we need to know not only the suppression of desired

signal but also that of the total non-signal output. These arxe

given in the already-defined notation as

¥ ps/p, {154a)

s/P

WJ/P = (PT- PS)/P. (154Db)

2.2.2.5 Outline of Numerical Calculctions

2.2.2.5.1 Cases and Parameters

The two cases we will analyze numerically are

a) the soft-limiting repeater
b) the receiver pre-clipper
In the soft—=limitinag reneater it will ha aconvwed #land &laa
. - - -——p e - -— - T ~ VA T D WS RN, A S fea Y e b

clipping level is set with reference to the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>